reactivity. However, the ability of the mutant to reduce external one-electron acceptors such as cytochrome c is impaired. Furthermore, electrochemical measurements demonstrate a decrease in the redox midpoint potential of the heme by 210 mV. In contrast to the wild-type enzyme, the ferric state of the protoheme iron displays a mixed low-spin/high-spin state at room temperature and low-spin character at 90 K, as determined by resonance Raman spectroscopy. The wild-type cytochrome does not bind CO, but the ferrous state of the variant forms a CO complex, although the association rate is very low. The crystal structure of the M65H cytochrome domain has been determined and refined at 1.9 Å resolution. The variant structure confirms a bis-histidyl ligation of heme b, but reveals unusual features. As for the wild-type enzyme, the ligands have a nearly perpendicular arrangement. Furthermore, the iron is bound by imidazole N δ1 and N ε2 nitrogen atoms, rather than the typical N ε2 /N ε2 coordination encountered in bis-histidyl ligated heme proteins. To our knowledge, this is the first example of a bis-histidyl N δ1 /N ε2 coordinated protoporphyrin IX iron.
INTRODUCTION
6 solution of 20 mM Na-succinate, pH 4.5, containing 60-240 µM CO and >100 µM dithionite.
Ligand association was followed by the change in the absorbance at 431 nm.
Resonance Raman Spectroscopy -Resonance Raman spectra were measured on 15 µL of each sample sealed in a glass melting-point capillary tube, using a custom McPherson 2061/207 spectrograph equipped with a Princeton Instruments LN1100PB liquid N 2 -cooled CCD detector and Kaiser Optical Systems holographic notch filter. Excitation light was provided by an Innova 302 krypton laser (413 nm). The laser power at the sample was ~40 mW. Plasma emission lines were removed by an Applied Photophysics prism monochromator. Data at room temperature and 90 K were collected in a back-scattering geometry with the sample capillary placed in a copper cold finger. For the 90 K experiments, the capillary was cooled by liquid nitrogen. Spectral data were processed using GRAMS/386 (Galactic Industries) and Origin (Microcal) data analysis programs. Spectra were calibrated against indene as an external standard. Frequencies are estimated to be accurate to ±1 cm -1 . . The redox potential of the system was adjusted by the addition of a small volume of 10 or 100 mM dithionite via a Hamilton syringe. After equilibration (constant reading of absorbance and potential), a spectrum was recorded, the potential noted, and an additional small volume of dithionite was added. This process was repeated until the enzyme was completely reduced. The oxidative titration was carried out by the addition of small amounts of air to the cell, followed by flushing with argon. The system was allowed to equilibrate, a spectrum was recorded, and the potential noted. This procedure was repeated until the enzyme was completely oxidized. The redox state of CDH was determined from the size of 8 reservoir contained 30% (w/v) polyethylene glycol 4000, 5% (v/v) 2-methyl 2,4-pentanediol, 100 mM HEPES, pH 7.5, and 10 mM CaCl 2 . Crystals appeared as red hexagonal rods of space group P6 5 with cell constants a = b = 139.0 Å and c = 52.67 Å, and with two molecules in the asymmetric unit.
Enzyme Assays and Kinetic Procedure
X-ray Crystallographic Data Collection and Refinement -Data were collected at 100 K using synchrotron radiation (source ID14-EH4, ESRF, Grenoble, France, λ = 0.9763 Å). Data reduction and scaling were carried out using MOSFLM (29) and SCALA (30), respectively. The previously reported structure of the P. chrysosporium CDH cytochrome domain at 1.9 Å resolution (PDB ID code 1D7C) (7) was used as a starting model for crystallographic refinement against CYT M65H amplitudes. Initial refinement and manual model building were performed with the programs CNS (31) and O (32), respectively. Final refinement was done with REFMAC5 (33) at 1.9 Å resolution, using anisotropic scaling, hydrogens in their riding positions, and atomic displacement parameter refinement, using the "translation, libration, screw-rotation" (TLS) model. The two non-crystallographically related molecules were defined as rigid bodies during TLS refinement. All least-squares planes and angles between normals and least-squares planes were calculated, using the program MOLEMAN2 (34). (Table I) . However, the specific activity for cyt c reduction by the M65H variant was approximately 100-fold lower than that for rCDH (Table I) . Table II ). The M65H substitution altered the optical properties of the ferric heme, giving rise to a spectrum that contained a mixture of LS and high-spin (HS) protoheme iron signals (Table II) Resonance Raman Spectroscopy -To further investigate the coordination and spin states in wild-type CDH and the M65H variant, resonance Raman (RR) high-frequency spectra were obtained, using Soret excitation (Figs. 3 and 4, Table III ). The spectral data for rCDH were similar to those reported for the wild-type CDH (5). The oxidation marker ν 4 was observed at 1371 cm -1 in both enzymes (Fig. 3) , indicating a ferric heme. In the case of rCDH, the core-size marker bands ν 2 and ν 3 at 1575 and 1505 cm -1 , respectively, identified the ferric heme as a 6cLS
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UV-Vis
heme species. Essentially identical RR data were obtained with the truncated heme domain with only minor differences, attributed to a contribution from the flavin cofactor (5). In the M65H variant, v 3 was observed at 1480 cm -1 , indicating 6-coordinated high-spin heme species (36).
Weak shoulders at 1638 (ν 10 ) and at 1505 cm -1 (ν 3 ) reflected the presence of a minor population of 6cLS heme. The LS ν 3 band was obscured by a band at 1515 cm -1 assigned as ν 38 (36). When the temperature was lowered to 90 K, both enzymes exhibited similar RR spectra, with ν 2 , ν 3 , and ν 10 at 1577, 1507, and 1642 cm -1 , respectively, characteristic of a 6cLS heme. The electronic absorption spectra of the reduced CDH proteins (Fig. 2B) were both indicative of a 6cLS system, and the RR spectra confirm this conclusion, with ν 2 and ν 3 at 1580 and 1494 cm -1 , respectively, for both CDH proteins (Table III) .
Optical Potentiometric Titration -The redox midpoint potential of the heme prosthetic group was obtained by optical potentiometric titration. The extent of reduction of the heme could readily be determined from the α band, a wavelength where the absorbances of the flavin cofactor and the redox mediators were negligible. The heme in the holo-wild-type enzyme and its truncated heme domain exhibited a similar redox midpoint potential at pH 4.5 (+164 mV vs.
NHE) (Fig. 4 , Table II ). This value was in close agreement with previous electrochemical Compared with the wild-type CDH cytochrome, differences in the protein occurred, as expected, exclusively in close proximity to the substitution site (Fig. 5B) . Local protein backbone displacements of 0.5-0.6 Å occurred at residues 63-65, and of 0.5-0.7 Å at residues 87-90. In the wild-type cytochrome, Tyr90 was positioned close to the heme-ligating residue Met65, and the Tyr90 hydroxyl group formed a hydrogen bond to the D-propionate side chain of the protoheme. To accommodate the bulkier histidyl imidazole ring at position 65, the backbone of Tyr90 was displaced by 0.6 Å away from the protoporphyrin ring (Fig. 5B) . At position 87, the backbone was displaced by 0.5 Å due to steric hindrance between the C β atom of Ala87 and the imidazole ring of His65. However, the His65 backbone moved closer to the protoporphyrin ring by 0.7-0.8 Å. The angle between the normals to the planes of the two histidyl imidazole rings was slightly larger, 114°/118° (mol A/B), than the angle between Met65 CH 3 -S-CH 2 and the His163 imidazole ring (~100°) in the wild-type, thus deviating further from a perpendicular arrangement in the mutant. The orientation of the His65 imidazole ring was further stabilized by a hydrogen bond formed between His65 N ε2 and the main-chain carbonyl oxygen of Val91. The average temperature factor for the His163 imidazole ring (mol A, 21.9 Å 2 ; mol B, 22.0 Å 2 ) was higher than that for the mutant His65 side chain (mol A, 18.9 Å 2 ; mol B, 19.7 Å 2 ), indicating that local discrete disorder was introduced at the unsubstituted rather than at the substituted ligand. This was also manifested as a strained conformation of the His163 side chain as judged by the deviation from ideal torsion-angle values. The discrepancy in temperature factors for the two ligands was not observed in the wild type. The electron density was of excellent quality throughout the heme-binding pocket, and the crystal packing at the exposed heme site was well defined, thus the discrete disorder at His163 was not due to large perturbations in the region. In both wild type and mutant, the protoporphyrin ring adopted a nearly planar conformation (~170°;
Structural Details of the
corresponding to the angle between the normals to the two planes defined by pyrrole atoms C2A-C3D-C4A-C1D and C1B-C4C-C3D-C2C, respectively).
DISCUSSION
Axial Coordination of the M65H Variant -The CYT M65H structure was determined at 100 K, and the protoheme Fe 2+ is stably 6-coordinated by the two His ligands, His65 and His163, and the four pyrrole nitrogens (Fig. 5) . Spectroscopic Studies -The electronic absorption and RR spectra of the ferrous M65H variant (Fig. 1 , Table III ) confirm a bis-histidyl coordination at room temperature, deduced from the cryogenic tertiary structure of ferrous CYT M65H . The cryogenic RR spectrum of the variant in the ferric state is also indicative of 6cLS heme species (Fig. 3) ; thus, it is likely that both histidines are coordinated to the heme iron as shown in the ferrous CYT M65H structure. At ambient temperature, however, the ferric heme undergoes a spin-state conversion to a predominantly 6-coordinated high-spin species. This suggests coordination of a water molecule, implying replacement of the histidine ligand upon oxidation or conversion to a HS histidine residue. Although the room temperature data cannot rule out a His/aquo coordination, considering the bis-histidyl coordination in the ferrous state as well as the slow formation of a With the drop in redox potential, the reactivity of the heme iron atom with carbon monoxide is another feature of cytochrome variants with substitution of a ligated methionine by a histidine. For CO to bind to either side of the iron, significant rotation about the χ 1 of the axial ligands is needed in addition to backbone shifts. Indeed, the M65H variant exhibits an unusually low CO association rate of 8.6 × 10 -5 µM -1 s -1 (Fig. 2B) , a value ~10,000-fold lower than that for Optical potentiometric titrations were performed at pH 4.5, as described in Experimental Procedures. 
